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PROGRESS  PAPER 'NO.  2 

Maurice  R.  Cain*,  Douglas  E.  Sharp*,  P.E.,  Michael  D.  Coleman 
General  Physics  Corporation 
Cape  Canaveral  Air  Force  Station,  Florida 


Abstract 


An  updated  progress  report  is  provided  on  a  program 
developed  to  study  through  test  and  analysis,  the 
characteristics  of  blast  waves  and  fragmentation  generated 
by  ruptured  gas  filled  pressure  vessels.  The  initial  paper  on 
this  USAF/NASA/Oeneral  Physics  program  was  presented 
to  the  AIAA  in  July  1990. 

^  Since  the  initial  paper,  several  pressure  vessels  have 
been  burst  using  pneumaMc  pressure.  Tests  were  designed 
to  explore  burst  characteristics  and  utllir.cd  a  well 
Instrumented  arena.  Data  trends  for  current  experiments 
are  presented. 

This  paper  is  the  second  progress  report  on  the 
program  and  addresses:  1)  a  brief  review  of  current 
methods  for  assessing  vessel  safety  and  burst  parameters,  2) 
a  review  of  pneumatic  burst  testing  operations  and  testing 
results,  including  fl  comparison  to  current  methods  for  burst 
assessment  and  3)  a  review  of  the  basis  for  the  current  test 
program  including  planned  testing.  ) 

I.  Introduction 

Pressure  vessels  are  used  extensively  in  bpth  ground 
end  spacecraft  applications.  Explosive  failures  of  vessels  nre 
rare  due  to  precautions  normally  taken  such  ns  following 
consensus  design,  fabrication  and  test  codes  and  standards, 
lnservlce  Integrity  Is  maintained  through  monitoring  of 
vessel  service  conditions  and  cyclic  history.  Yet  pressure 
vessels  do  occasionally  fail,  releasing  signi'icant  energy  and 
possible  hazardous  commodity  Into  the  surroundings.  Often 
It  is  prudent  to  assess  the  damage  that  could  result  from 
explosive  failure  when  locating  pressure  vessels,  designing 
nearby  structures  and  equipment  or  considering  other  safety 
precautions. 

A  considerable  body  of  data  exists  on  damage  and 
Injury  due  to  blast  wave  and  fragmentation,  much  of  it  from 
research  using  TNT  or  similar  high  explosives.  However 
substantially  less  Is  known  about  blast  and  fragmentation  of 
bursting  pressure  vessels  than  of  chemical  explosions  such  as 
TNT1.  Further,  current  methods  documented  In  standards, 
handbooks  and  other  references  used  to  quantify  expected 
energy  release,  blast  waves,  and  fragmentation  are 
Inconsistent  and  vary  In  results1.  Accordingly,  a  pressure 
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vessel  burst  test  progrnm  Is  being  conducted  for  the  USAF  - 
Eastern  Space  and  Missile  Center  and  NASA 
Headquarters.  'Hie  program  studies  the  blast  wave  and 
fragmentation  of  bursting  gns  filled  pressure  vessels. 


IL  Energy  Release 

An  explosive  rupture  of  a  pressure  vessel,  where  the 
stored  energy  is  released  Instantaneously,  would  create  a 
blast  wave  (i.e.,  shockwave)  in  the  surrounding  air  and 
propel  fragments.  The  shockwave  and  fragment 
characteristics  depend  on  such  things  as  vessel  contents, 
pressure,  vessel  geometry  and  breakup  mode. 

Energy  A  TNT  Equivalency 

The  explosive  energy  from  the  rapid  expansion  of 
compressed  gas  can  be  determined  by  application  of  basic 
thermodynamic  relationships  that  nre  n  function  of  pressure, 
volume,  nnd  temperature.  The  expansion  Is  most  often 
assumed  to  be  Isentropic  (isothermal,  considered  applicable 
by  some  references,  would  require  that  heat  be  added  to  the 
expanding  gns).  The  following  equation  gives  the  Isentropic 
energy  released  by  the  failure  of  a  vessel  containing  a 
volume  of  Ideal  gas,  V,,  at  a  pressure  of  P,.  P,  Is  the 
surrounding  atmospheric  pressure.  K  is  the  specific  heat 
ratio: 


This  equation  assumes  ideal  gas  behavior.  Ideal  gas 
behavior  is  considered  adequate  for  most  low  pressure 
situations  (1500  psi).  The  Ideal  gas  assumption  for  high 
pressure  ruptures  gives  expansion  energies  that  can  he 
unrealistically  high.  Accurate  estimates  of  available  Mast 
energy  from  high  pressure  hursts  require  calculations  based 
on  real  gas  equations  of  state  supported  by  empirical  data, 
such  ns  the  commonly  used  compressibility  factor  Z,  defined 
as  Z  =  Pv/RT.  Since  RT/P  is  the  ideal  gns  specific 
volume,  the  compressibility  factor  may  be  considered  a 
measure  of  the  ratio  of  the  actual  specific  volume  to  ideal 
gas  specific  volume  (Z  =  1).  A  decrease  in  stored  energy 
due  to  compressibility  becomes  appreciable  as  pressures  arc 
increased  above  1500  psi. 

Using  an  isentropic  real  gas  relationship,  the 
calculated  stored  energy  in  a  cubic  foot  of  ON2  at  a 
pressure  of  10,000  psi  would  he  1,952,744  ft  lb.  A  common 


practice  In  determining  explosive  potential  ol  rupturing 
pressure  vessel  Is  to  assume  the  explosive  characteristics  are 
wlmt  would  he  generated  by  a  TNT  detonation  of  equivalent 
energy.  (Other  high  explosives,  such  ns  composition  B  and 
composition  C-4  are  used  In  the  test  program  and  their 
characteristics  relative  to  TNT  have  been  established1.  The 
TNT  energy  equivalent  of  the  10,000  psi  vessel  filled  with 
GN2  Is  1.26  lbs  TNT  equivalent  per  ft1  of  volume  using 
1.545  x  10*  ft  Ib/lb  after  Kinney4.  The  TNT  equivalent  and 
energy  vs  pressure  for  both  real  and  Ideal  GN2  with 
Isentroplc  and  Isothermal  expansion  (W  =  P,V,  In  P,/P,)  Is 
shown  In  Figure  1.  The  real  gas  curves  were  approximated 
by  dividing  the  Ideal  gas  energy  by  the  average  Z  to  the 
pressure  of  interest.  (The  avernge  was  found  using  the 
integral  of  the  Z  vs  P  curve.  Data  will  be  sought  for 
applying  first  principles.)  . 


figure  1,  Expansion  Energy  and  TNT  Equivalence  vs  Vessel 
Pressure  Tor  ON2 
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Explosive  disintegration  will  generate  a  blast  wave 
resulting  In  a  high  overpressure  (pressure  above 
atmospheric)  at  the  vessel  surface.  As  the  blast  wave 
advances,  the  energy  Is  spread  over  the  wave's  frontal  area, 
this  area  Increases  with  the  square  of  the  distance  from  the 
point  of  rupture.  Overpressure,  blast  wave  velocity  and 
therefore  blast  effect,  lecrense  rapidly  with  distance.  After 
passage  of  the  shockwave,  the  pressure  decreases  until  a 
suction  phase  follows  In  which  pressure  drops  below  normal 
atmospheric  pressure.  The  negative  pressure  is  a  result  of 
the  outrush  of  gases  from  the  center  of  the  rupture  causing 
an  overexpansion.  The  pressure  above  atmospheric  at  the 
shockwave  front  is  the  peak  overpressure  and  Is  used  with 
impulse  to  establish  the  relative  hazard  (i.e.,  shockwave 
Intensity  and  duration)  associated  with  ruptures  and 
explosions  at  a  given  distance.  The  blast  wave  emanating 
from  a  bursting  pressure  vessel  (Section  IV)  is  somewhat 
similar  to  tha,  caused  by  a  high  explosive  detonation.  The 
pressure  close  In  due  to  vessel  burst  Is  generally  lower  than 
Iilgh  explosive  detonation  and  is  a  function  of  burst 


pressure.  Other  variations  are  caused  by  vessel  and  failure 
geometry  and  distance  from  n  firm  reflecting  surface. 
Figures  2  through  4  show  the  blast  wave  characteristics  for 
the  detonation  of  30  lb  of  Composition  B  high  explosive  that 
was  exploded  in  an  Instrumented  arena  ns  part  of  this 
program  (See  Sections  HI  and  IV).  Figure  2  Is  a  plot  of 
pressure  vs  time  at  a  particular  location  (90°  @  15')  in  the 
arena.  Figure  3  is  a  plot  of  pressure  vs  distance  for  all  the 
arrays  in  the  arena.  Figure  4  is  a  pint  of  Impulse  vs  distance 
for  the  locations  shown  in  Figure  3.  The  impulse  is  the  area 
of  the  positive  portion  of  the  pressure-time  curve. 


Figure  2,  Overpressure  vs  Tim-,  for  Composition  B  at  Ohuge 
Location  26  (90r  it  15  ft) 


Figure  3,  Peak  Overpressure  vs  Distance  for  Composition  B  Charge 


The  explosive  fnihire  of  n  pressure  vessel  not  only 
generates  a  blast  wave  but  produces  fragments,  with  very 
high  velocities  possible.  Fragments  constitute  a  significant 
hazard  to  personnel,  systems,  components  and  structures  in 


2 


•lie  vicinity.  Primary  fragments  are  portions  of  the  vessel  or 
iti  attachments  that  are  accelerated  due  to  the  internal 
pressure  of  the  vessel.  Secondary  fragments  may  also  be 
produced  due  to  the  action  of  the  blast  wave  or  primary 
fragments  on  nearby  objects. 


10  20  30  40  50 


Distance  (ft) 

Figure  4,  Positive  Impulse  vs  Time  for  Composition  B  Charge 

Sludles,AT  of  the  characteristics  of  vessel  fragments 
has  addressed  the  velocities  of  fragments  produced,  their 
trajectories  and,  as  a"  result,  their  ranges  and  their  impact 
velocities.  Determination  of  the  initial  velocities  of 
fragments  has  been  undertaken  by  several  researchers. 
Most  such  studies  are  based  upon  work  by  Taylor  and  Price* 
which  predicted  the  velocities  of  two  spherical  vessel 
fragments  accelerated  by  either  an  expanding  isotliermnl  or 
adiabatic,  ideal  gas.  Their  analysis  has  been  used,  extended 
or  modified  by  several  other  researchers  to  Improve  upon 
their  assumptions  or  to  adapt  the  analysis  to  other  cases. 

Once  the  initial  velocity  of  a  fragment  has  been 
determined,  its  range  may  be  found  through  ballistic 
calculations,  generally  done  through  the  use  of  n  computer 
code,  a  number  of  which  are  available.  Code  considerations 
are  drag  coefficient,  lift  coefficient  (if  any),  initial  trajectory 
angle  and  reference  area  -  either  fixed  or  varying  (tumbling 
or  gradually  changing). 

Experimental  determination  of  fragment  velocities 
was  discussed  in  the  Initial  program  paper.  Tire  reader  Is 
referred  to  work  by  Pittman’,  Jager7,’°  and  Baum*  for  further 
information. 


Ill,  Test  Program 
Test  Program  Matrix 

A  test  program  matrix  has  been  developed  that 
includes  a  series  of  test  plans  each  with  multiple  pneumatic 
vessel  bursts.  The  objective  of  the  program  matrix  v/as  to 


force  vessel  bursts  in  such  a  way  ns  to  generate  worst  case 
blast  wnves  and  fragmentation,  such  that  a  model  could  be 
developed  that  would  envelop  generally  expected  vessel 
failures.  The  latter  test  plans  of  the  matrix  would  include 
such  representative  vessel  failures.  Worst  case  however  is 
a  function  of  several  variables,  including  location  and 
orientation  of  failure,  pressure,  vessel  shape,  fragment  iype 
and  number  and  height  above  ground,  lire  plans  and  tests 
comprising  the  program  matrix  have  been  developed  to 
minimize  the  number  of  vessel  bursts  yet  meet  the  stated 
objective  with  valid  data. 

In  the  development  of  a  test  matrix,  It  was  also 
recognized  that  n  pressure  vessel  burst  may  not  produce  a 
spherical  shockwave  as  does  a  TNT  explosion.  Tire  blast 
wave  from  a  pressure  vessel  hurst  may  be  much  stronger  In 
one  direction  than  another  based  nn  how  the  vessel  shell 
comes  apart.  To  provide  a  direct  experimental  comparison 
with  pressu.e  vessel  bursts,  spherical  high  explosive 
detonations  will  be  conducted  as  part  of  the  test  program. 

Accordingly,  n  test  program  matrix  was  developed 
which  Incorporated  varied  failure  locations  and  mechanisms. 
Seven  test  plans  were  envisioned  with  each  test  plan 
consisting  of  several  vessel  bursts.  The  failure  geometry 
shown  in  Figure  5a  and  b  for  five  of  the  seven  test  plans 
would  be  accomplished  through  the  use  of  optimally 
selected  shaped  charges  nnd  pre-machining  of  grooves.  Test 
plan  four  would  use  shaped  charges  alone.  Test  plan  seven 
is  intended  to  produce  only  one  fragment  with  a  side  split. 
The  anticipated  split  will  be  oriented  toward  the  arena 
transducer  field. 

Other  burst  parameters  are  also  varied  in  the 
program  matrix.  These  include  the  split  location,  hurst 
pressure  and  L/D  for  two  fragments  and  multi-fragment 
vessels  as  shown  in  Figure  5. 

Vessel  measurements  of  interest  are  pre-burst  gas 
pressure  and  temperature,  pressure  during  the  fragment 
acceleration  phase,  fragment  velocity  and  Mnst  overpressure. 
Fragment  velocity  will  be  assessed  using  accelerometers, 
contact  wire  strikes  and  high  speed  motion  picture  and 
video.  Blast  overpressures  will  be  measured  on  the  ground 
in  a  multi  point  arena  and  at  height  of  burst  (HOB)  at  a 
lesser  number  of  points. 

The  matrix  shows  what  results  are  being  emphasized 
for  each  test  plan,  however  all  the  tests  ore  interrelated. 
Other  results  include  TNT  equivalency,  energy  distribution 
and  fragmentation  characteristics  for  IT  #7. 


Burst  Initiation 

The  use  of  pre-inacbined  grooves  and  optimum 
shaped  charges  presents  several  questions  to  be  addressed 
in  the  planning  stages.  The  typical  groove  geometry  is 
shown  in  Figure  6  with  the  linear  shaped  charge  (I.SC)  and 
the  shaped  charge  cut  aren  shown  with  dotted  lines. 
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Machining  such  a  groove  with  a  constant  remaining  wall 
thickness  in  a  vessel  of  non-uniform  roundness  and  wall 
thickness  presents  an  Interesting  challenge.  For  single 
circumferential  grooves,  this  challenge  was  met  using  a 
procedure  for  eight  equaiiy  spaced  offsets  of  the  vessel 
towards  a  lathe  cutting  tot  I,  using  a  computer  supported 
setup,  and  swinging  a  Slightly  larger  radius  than  the  desired 
and  resultant  cut.  For  multi-fragment  vessels,  having 
grooves  in  two  directions,  Computer  Numerical  Control 
milling  is  indicated. 
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Figure  6,  Typical  Vruel  Crow  Section  Showing  Groove  and  Shaped 
Charge 


The  typical  2:1,  tangential  to  longitudinal,  stress  ratio 
in  a  cylindrical  pressure  vessel  causes  concern  regarding  the 
stress  environment  at  a  narrow  groove,  particularly  when  a 
failure  due  to  longitudinal  stress  Is  desired.  This  concern 
led  to  material  tests  on  a  sacrificed  vessel  and  a  preliminary 
hydrostatic  burst  test.  These  tests  showed  that,  in  a  non- 
cyclic  application  the  tangential  stress  in  a  narrow 
circumferential  groove  can  be  used  alone  to  predict  failure. 
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A  linear  shaped  charge  is  used  to  cut  a  groove  at  the 
bottom  of  the  machined  groove  to  increase  an  already  high 
stress  level,  due  to  pnemnntlc  pressure,  thereby  causing 
failure.  The  difficulty  is  selecting  a  small  LSC  sufficient  to 
cause  failure.  A  small  I^SC  is  desired  to  reduce  the 
possibility  of  shaped  charge  fragments  damaging  transducers 
and  to  reduce  the  explosive  blast  wave  since  the  vessel  burst 
blast  wave  is  to  be  measured.  A  preliminary 
LSC/pneumatic  burst  test  was  deemed  appropriate  for  1) 
finding  the  detonation  cut  in  the  particular  vessel  material, 
2)  quantifying  nn  LSC  shock  effect  on  a  relatively  thick  wall 
vessel  that  would  assist  tire  detonation  cut  in  causing  failure 
and  3)  quantifying  interference  of  the  LSC  blast  In 
measuring  the  blast  due  to  vessel  burst.  From  the  latter 
effect  an  LSC  blast  pressure  tare  subtraction  routine  was 
anticipated.  Tire  tests  showed  that  any  shock  effect  was 
minima!  and  that  the  LSC  blast  pressure  has  practically 
returned  to  ambient  prior  to  the  vessel  blast  shock  arrival  as 
shown  in  Figure  7,  thus  minimizing  measurement  problems. 


Pressurization  System 

A  pressurization  system  was  designed  and  built  for 
the  burst  testing.  Due  to  the  potential  hazard  to  equipment, 
the  system  evolved  Into  the  use  of  a  protected  and  semi- 
buried  storage  vessel  and  a  free  flow/booster  system 
operated  remoteiy  by  personnel  in  a  blockhouse  shelter.  A 
fragment  hazard  assessment  was  conducted  using  a  Tnylor- 
Price*  computer  code,  a  ballistics  computer  code  for 
fragment  flight  distance  and  data  from  Baker5  and  Moore'1 
to  predict  penetration/protection  of  the  blockhouse. 

Instrumentation  Ranging 

Camera  speeds  were  determined  based  on  calculated 
fragment  velocity.  For  blast  pressure  transducer  setup  and 
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ranging,  the  blast  pressure  expected  from  a  liiglt  explosive 
burst  of  equivalent  energy  was  used  for  the  first  pneumatic 
hurst.  This  resulted  In  near-field  pressure  measurements 
which  were  noisy,  but  useable,  due  to  actual  pressures  being 
lower  ihan  anticipated.  Subsequent  ranging  of  transducers 
for  pneumatic  bursts  Is  being  adjusted  accordingly  as 
described  In  Section  IV. 


figure  7,  Overpressure  vt  Time  for  3300  psig  Vessel  at  Gauge 
Location  26  (W  at  15  ft) 


Test  Site 

Pneumatic  burst  tests  have  been  conducted  at  the 
Naval  Surface  Warfare  Center's  (NSWC)  Pahlgren,  VA 
explosives  test  area.  The  Center  has  personnel  experienced 
In  explosive  detonation  and  blast  data  recording  from  small 
up  to  very  large  charges  of  high  explosive.  High  speed 
motion  picture  coverage  Is  available  with  multiple  cameras 
and  hardened  camera  shelters.  Heavy  duty  handling 
equipment  is  available  such  as  cranes,  fork  lifts,  pnyloaders, 
etc.  A  variety  of  transducers,  tape  recorders  and  timing 
controls  are  available  for  testing.  A  hardened  blockhouse 
and  instrumentation  room  plus  the  capability  of  tape 
recorder  control  from  a  remote  site  is  available.  Tills  site 
provides  on  already  wired  arena  in  close  proximity  to  a 
blockhouse  which  cun  prevent  penetration  of  high  kinetic 
energy  fragments.  An  Isometric  drawing  of  a  pressure  vessel 
installed  in  a  blast  field  arena  at  NSWC  is  shown  in  Figure 
8. 


IV.  Test  Results 

Ttoo  pressure  vessels  were  burst  at  3300  psig  and 
4750  psig,  respectively  in  the  preliminary  pneumatic  burst 
test  series  and  three  vessels  wete  burst  at  1500  psig,  3500 
psig  and  5500  psig,  respectively  in  an  abbreviated  execution 
of  Test  Plan  #1.  A  fourth  vessel  hurst,  planned  for  7500 
psig  In  the  second  test  series,  was  postponed  due  to  a 
malfunction  of  the  pressurization  system.  In  addition  to  the 


vessel  bursts,  high  explosive  (HR)  shots  were  conducted  for 
each  test  series  to  check  out  the  instrumentation  and  to 
serve  ns  comparison  data.  This  also  permits  pressure  vessel 
data  to  be  compared  to  standards  such  as  TNT. 

For  each  of  the  vessel  bursts  and  FIE  shots,  pressure 
was  recorded  at  between  46  and  51  locations,  using  mostly 
transducers  flush  with  the  ground  surface.  Positive  impulse 
was  obtained  by  Integrating  the  pressure  time  data.  For 
each  vessel  burst,  vessel  pressure  and  Internal  gas 
temperature  were  measured  up  to  the  point  of  hurst. 
Attempts  to  measure  internal  vessel  pressure  decay  using 
the  same  high  response  pressure  transducer  met  with  limited 
success.  Attempts  to  mensure  vessel  fragment  acceleration 
using  accelerometers  were  unsuccessful  and  led  to  the  use 
of  contact  wires  during  the  second  test  series.  High  speed 
motion  pictures  and  high  speed  video  were  recorded  for 
estimating  velocities  of  vessel  halves.  Figure  9  shows  a 
frame  from  high  speed  video  of  the  4750  psl  hurst. 

Data  Is  presented  and  discussed  primarily  for  the 
3300  pSlg  vessel  hurst  and  for  a  30  pound  charge  of 
Composition  D  of  about  the  same  TNT  energy  equivalence 
as  that  vessel  hurst. 


Figure  8,  Pressure  Vessel  Installed  in  NSWC  Arena 


Figure  9,  Vessel  Durst  at  4750  psig,  from  High  Speed  Video 
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Field  Overpressure 
•  *  « 

The  pressure  vs  time  response  of  a  typical  ground- 
flush  transducer  is  shown  in  Figure  7.  For  comparison,  this 
is  the  same  transducer  (rernnged)  and  location  ns  used  for 
Comp  D  overpressure  shown  in  Figure  2.  The  initial  small 
pressure  increase  is  due  to  detonation  of  the  shaped  charge. 
Pressure  has  decayed  to  rero  before  the  vessel  blast  reaches 
the  transducer.  Rather  than  the  sharp  pressure  rise  and 
rapid,  exponential  decay  characteristic  of  a  high  explosive 
(HE)  blast,  pressure  Increases  to  a  peak  value  and  remains 
approximately  constant  for  8  ms.  Subsequent  decay  Is 
slower  than  that  from  a  HE  blast. 

The  peak  overpressure  recorded  at  each  transducer 
location  Is  plotted  vs  distance  for  five  arrays  (identified  in 
Figure  8)  of  tne  3300  pslg  vessel  burst  In  Figure  10.  The 
data  points  shown  are  the  peak  overpressures  recorded  at 
transducer  locations.  The  lines  are  the  best  log-log  curve  fit 
for  each  of  the  arrays.  Overpressures  are  higher  for  the 
arrays  approaching  normal  to  the  vessel  than  for  arrays 
approaching  parallel  to  the  vessel  axis  due  to  jetting  of  gas 
along  the  90“  array  (vessel  center).  This  asymmetric 
pressure  variation  was  especially  noticeable  close-in  to  the 
vessel. 


Bur»t 


Figure  10,  pressure  vessel  overpressures,  may  be 
compared  to  Figure  3,  the  approximate  energy  equivalent 
high  explosive  shot.  The  vessel  near  field  overpressures  are 
seen  to  be  less  and  ihose  for  the  far  field  greater  than 
Comp  B.  Overpressures  in  Figure  3  are  expected  to  be 
symmetric  for  an  HE  blast. 

Overpressures  in  the  90°  arrny  are  plotted  vs  distance 
in  Figure  11  and  superimposed  over  expected  pressure- 
distance  curves  for  5  different  charge  weights  of  TNT.  The 
5  charge  weights  chosen  are  those  that  would  yield  the 


overpressures  measured  from  the  vessel  hurst  at  the 
transducer  distances.  The  TNT  overpressure  vs  distance 
curves  are  from  a  functional  relationship  for  chemical 
explosions  In  Kinney  A  Graham4.  It  is  seen  that  in  the  near 
field  (10*  distance)  the  measured  overpressures  from  the 
vessel  burst  are  the  same  as  would  he  measured  from  a 
small  charge  weight  TNT  blast.  But  In  the  far  field,  (SO1 
distance),  Hie  magnitude  of  the  measured  overpressures  are 
equivalent  to  that  produced  by  a  large  charge  weight  TNT 
blast.  The  TNT  energy  equivalence  of  this  vessel  was  31.6 
pounds.  Similar  results  were  obtained  for  the  other  arrays. 

jmpplsc 

Positive  impulse  measured  during  the  3300  psig 
vessel  burst  Is  plotted  vs  distance  for  5  arrays  in  Figure  12. 
Ibis  figure  may  be  compared  to  the  impulse  data  shown  in 
Figure  4  for  the  approximate  energy  equivalent  Comp  B 
high  explosive  shot. 


Figure  11,  Fenk  Overpressure  vs  Distance  Contours  for  Different 
TNT  Fquivftlenees 


Also  plotted  in  Figure  12  nre  lines  showing  flic 
expected  impulses  from  various  values  of  TNT  explosions, 
taken  from  a  function  for  chemicnl  explosions  In  Kinney  A 
Graham4.  This  may  also  be  compared  to  the  #30  Cotnp  B 
blast,  Figure  4,  which  has  a  TNT  equivalent  for  Impulse  of 
28  pounds. 

Arrays  in  Figure  12  which  nre  nearly  normal  to  the 
vessel  axis  (75°,  90°,  105°)  produce  impulses  greater  than 
expected  for  the  equivalent  energy  TNT  charge  while  nrrnys 
nearly  parallel  to  the  vessel  axis  (30“)  produce  impulses  less 
than  expected  for  the  equivalent  energy  TNT  charge.  The 
3300  psig  vessel  burst  impulses  exceeded  those  expected 
from  Comp  B  nearly  normal  to  the  vessel  axis  but  were  less 
than  flint  from  Comp  B  nearly  parallel  to  the  vessel  axis, 
again  due  to  jetting  effect,  litis  approximately  supports  the 
expectation  of  Held  et  a!"  that  a  pressure  vessel  hurst  has 
the  same  Impulse  as  a  high  explosive  blast  of  the  same 
energy  equivalence. 
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Figure  12,  Positive  Impulse  vs  Distance  Contours  3300  pslg  Vessel 
Burst  (31 .65  lbs  TNT  equivalence) 


Fragment  Velocities 

Velocities  of  vessel  fragments  (halves)  were 
estimnted  from  films  or  high  speed  video  taken  of  the  vessel 
bursts.  The  velocity  of  the  fragment  connected  to  the  fill 
tubing  was  slightly  less  than  its  opposing  end  due  to  the 
work  required  to  drag  and  deflect  the  tubing.  (The  tubing 
breaks  between  the  vessel  and  an  anchor  point  after  fuii 
velocity  has  been  achieved.)  Velocity  of  the  unhindered  half 
of  the  vessel,  after  Initial  acceleration,  Is  shown  for  each 
vessel  In  Table  1.  Fragment  velocities  were  compared  to 
predictions  made  by  a  code  based  upon  the  Taylor-Price 
analysis'.  It  was  found  that  by  modifying  the  discharge 
coefficient,  k,  (of  the  area  between  the  fragments)  the  code 
full  velocity  could  be  matched  to  the  measured  velocity. 
Table  1  also  summarizes  the  discharge  coefficient  required 
to  match  the  measured  velocity. 


Table  1 

Comparison  Between  Measured  and  Calculated  Velocities 


Vessel  Pressure 

Measured 

Discharge 

(ps'g) 

Velocity  (ft/s) 

Coefficient,  k 

3300 

246 

0.41 

4750 

306 

0.43 

1500 

148 

0.44 

3500 

250 

0.46 

5500 

315 

0.55 

For  vessels  #1  and  #3  of  Test  Plan  #1  (1500  and 
5500  psi  respectively)  wire  contact  times  were  measured  as 
a  sharp  edge  attached  to  the  vessel  passed  through  wires  on 
a  close  proximity  breakwire  frame.  Tables  II  and  III 
compare  the  average  velocities  during  the  one  foot  intervals 
for  the  measured  d::a  and  for  calculated  positions  using  k 
,6  and  the  Taylor-Price  code. 


Table  II 

Vessel  #1  -  1500  psig 


Distance: 
from  -*  to 

average  velocity  (ft/sec)  f 

measured 

calculated 

.448’  -*  1.448' 

104.0 

103.1 

1.448'  -  2.448’ 

129.7 

126.5 

2,448'  -  3.448' 

148.1 

1.32.4 

Table  III 

Vessel  #3  -  5500  psig 


Distance: 
from  -» to 

average  velocity  (ft/sec)  f 

measured 

calculated 

.750'  -  1.750' 

220.8 

230.8 

1.750’  -  2.750’ 

247.5 

276.2 

2.750'  -  3.750' 

275.5 

294.5 

Hie  reason  lor  the  calculated  velocities  to  he 
underestimated  nt  15(H)  psig  and  overestimated  nt  55(H)  psig 
is  unclear.  An  increase  in  the  discharge  coefficient,  k,  has 
an  inverse  effect  on  calculated  velocities  due  to  the 
increased  flow  nonnnl  to  the  fragment  flight  direction.  A 
value  of  k  «  .44  for  the  1500  psig  case  and  k  =  .8  for  the 
5500  psig  ense  produces  close  results  for  lines  one  and  three 
of  both  tables,  although  the  center  position  of  both  tables  is 
overpredicted. 


Average  shock  velocities  between  transducer 
positions  on  an  array  were  found  from  delta  at  rival  times 
for  PV  tr2  (3300  pr!)  and  FV  #3  (4750  psi)  of  the 
preliminary  test.  The  velocity  between  10  and  15  feet  for 
both  bursts  was  a  maximum  of  1430  feet  per  second  (FPS). 
The  velocity  generally  diminished  with  distance  for  each 
case  and  was  1150  FPS  between  1.30  and  200  feet  on  the  75° 
array  for  the  4750  psi  case. 

Figure  13  is  a  plot  of  average  shock  velocity  between 
points  vs  peak  overpressure  at  the  downstrenm  point  for 
both  3300  and  4750  psi  pressure  vessels  noted  above. 
Superimposed  over  the  vessel  data  is  a  curve  illustrating  the 
functional  relationship  between  shock  velocity  and 
overpressure  from  Swisdak*  at  a  temperature  of  84°F 
(the  average  of  the  ambient  temperatures  for  the 
two  vessel  bursts).  The  data  trend  is  to  follow 
the  curve  with  more  scatter  in  evidence  for  the 
PV  #3  burst  than  the  PV  #2.  (Instrumentation  for 
the  PV  #2  burst  was  better  ranged  as  discussed  in 
Section  III.)  A  statistical  error  analysis 
showed  that  the  PV  #2  data  fit  the  curve  twice  as 
good  as  PV  #3  which  had  an  error  deviation,  S_,  of 
2.9  psig. 
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Figure  13,  reck  Overpressure  vs  Shock  Velocity 


Tor  the  5500  psi  burst  of  TP  #1  an  Attempt 
was  made  to  measure  pressure  at  eight  Inches  from 
the  vessel  surface  and  on  the  ground  2  1/2  feet 
below  the  vessel  surface.  Arrival  times  were 
measured  for  both  but  the  setup  for  the  fi  inch 
distance  transducer  was  blown  away  during  the 
pressure  rise  time.  The  transducer  at  2  1/2  feet 
experienced  a  gradual  pressure  increase  to  310 
psi.  The  difference  in  arrival  times  provides  an 
average  velocity  of  1900  FPS  between  the  two 
points,  also  shown  on  Figure  13.  This  velocity 
would  seem  to  indicate  a  low  average  pressure 
between  the  two  points  which  is  not 
substantiated  by  the  ground  mounted  transducer. 

V.  Future  Efforts 

Problems  with  the  pressurization  system 
will  be  corrected.  The  one  remaining  burst  in 
Test  Flan  #i  wltl  be  conducted  during  Test  Finn 
#2.  Data  will  then  be  available  for  a  burst 

pressure  range  of  5  to  1, 


An  attempt  will  be  made  to 

nondimensionallze  the  pressure  data  to 
coefficient  form.  Preliminary  indications  are 

that  this  may  be  possible  by  dividing  the 

overpressure  In  absolute  units  by  the  maximum 
shock  pressure  expected,  Held  et  al".  The 
maximum  shock  pressure  is  from  the  one 
dimensional  flow  shock  tube  equation  applied  to 
the  three  dimensional  vessel  burst.  This  may 

only  apply  to  10  feet  away  and  farther  until 
additional  ground  reflection  data  close  to  the 
vessel  is  obtained  (TP  #2).  Maximum  Initial 
shock  overpressure  (shock  tube  equation) 
expected  is  145  psi  for  the  7500  psl  vessel 
without  considering  reflection.  A  pressure  of 
310  psl  was  measured  under  the  5500  psl  vessel. 


An  attempt  will  be  made  to  look  for  real  gas 
effects  although  these  may  be  somewhat  small  up 
to  7500  psl  ax  depleted  In  Figure  3.  Ideally, 
tests  should  be  conducted  at  pressures  ns  high  os 
15,000  psig  In  order  to  assess  real  gas  elfecis. 
Tills  was  not  considered  due  to  pressurization 
system  and  vessel  costs  and  the  mors  limited 
applicability  of  such  data. 

Test  Tlan  #2  will  provide  blast  field 

pressure  variations  with  height  of  burst. 

Additionally  close  pressure  measurement  will  be 
sought  in  the  absence  of  a  close  ground  surface 
to  complement  the  data  obtained  in  Test  Plan  #  1. 

Test  Plans  #3  (dual  fragment)  and  #6 
(multifragment)  will  each  vary  the  vessel  length 
to  diameter  ratio  (l./D).  Figure  14  shows  the 
calculated  vessel  energy  remaining  as  r  function 
of  time,  shown  as  a  percent  of  the  energy  nt  3500 
psl  hurst  for  five  vessels  and  failure 
geometries.  Four  of  the  curves  are  for  a  22 
cubic  foot  vessel  which  shows  a  large  variation 
with  L/D  from  16  inch  diameter  vessels  to  34  inch 
diameter  vessels.  The  other  curve  applies  to  the 
53  cubic  foot,  24  Inch  diameter  burst  at  3500  psl 
(Test  Plan  #2).  The  escape  rate  of  the  vessel 
e.ncrgy  should  effect  overpressure  measurements 
and  fragment  velocity.  The  two  test  plans  permit 

approaching  the  case  of  sudden  disintegration  of 
the  pressure  vessel  walls,  an  assumption  made  in 
some  comparisons  of  vessel  burst  overpressure  to 
high  explosive  blast. 


Vessel  Burst 


VI.  Summary 

A  data  base  exists  for  estimating  injury  and  damage 
from  blast  wave  overpressure  and  Impulse  and  from 
fragment  impact  velocity  and  mass.  However  much  of  the 
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data  compares  a  pressure  vessel  hurst  to  a  high  energy 
tiphlw  Must.  Additional  vessel  burst  testing  te  needed  to 
augment  existing  data  In  quantiiyiiig  pressure  vessel  burst 
characteristics.  The  current  test  program  will  provide  a  mis 
of  vessel  failure  modes,  pressures,  and  other  variables.  Thte 
data,  together  with  data  from  other  researchers  will  permit 
assessing  the  results  of  different  assumed  options  for  vessel 
failures  such  that  the  Installation  designer  or  user  can  weigh 
the  likelihood  of  such  failures  and  the  hazards  should  they 
occur. 


HTolemnn,  M.  et  al,  'A  Review  of  Energy  Release 
Processes  From  the  Failure  of  Pneumatic  Pressure  Vessels," 
ESMC-TR-88-03,  August  19*8. 

’Swisdak,  "Explosion  Effects  and  Properties  Part  I  • 
Explosion  Effects  in  Air",  NSWC/WOL/TR  75-1 16.30, 1975. 

^Kinney  and  Graham,  Explosive  .Shocks  in  Air.  2nd 
ed.  Springer  Verlag,  19*5. 


Tide  paper  b  the  second  progress  report  on  the 
premire  vessel  hunt  test  program.  Some  pneumatic  hurst 
testing  has  been  accomplished  and  limited  conclusions  are 
drawn.  Since  test  plans  are  interrelated,  further  testing  will 
clarify  existing  results  and  provide  conclusions  to  he 
presented  in  the  future. 

Tentative  conduskms  are  as  follows: 
t.)  Al  dose  distances,  vessel  hurst  overpressures  are  less 
than  that  of  high  explosive  blasts  with  equivalent  energy  and 
arr  greater  than  HE  far  from  the  vessel.  For  an  example 
cited,  the  overpressures  due  to  vessel  burst  and  HE  blast 
were  equal  at  about  40  feet  from  the  vessel. 

2. )  Both  the  overpressure  and  impulse  data  are  very 
directional  Cor  a  drcumfercntial  vessel  failure.  However, 
the  vessel  impulse  It  approximately  equal  to  the  I  IE  Impulse 
along  an  arena  line  50*  from  the  vessel  axis  at  all  distances 
from  10  feet  to  50  feet.  This  approximately  supports  the 
condusioR  that  the  Impulse  Is  tire  same  for  both  vessel 
hunts  end  equivalent  energy  l!B  blasts. 

3. )  The  functional  relationship  between  shock  velocity  and 
overpressure  ratio  appears  to  be  the  same  for  vessel  bursts 
as  for  IIB  Masrs. 

4. )  Fragment  velocity  may  be  calculated  using  a  Tayior-Frice 
type  code,  however  the  discharge  coefficient,  k,  to  use  is 
uncertain  and  may  not  he  a  constant  during  acceleration. 
Fhlt  velocities  (after  acceleration)  were  calculated  using 
k  ■  .41  to  .55.  Velocities  during  acceleration  were 
calculated  using  k  »  .44  to  .80. 

5. )  dosed  on  limited  data,  average  shock  velocity  to  6.1  feet 
front  the  vessel  surface  Is  less  than  Mncn  2.  This,  combined 
with  #3  of  this  summary  supports  the  conclusion  that  the 
initial  shock  overpressure  Is  much  less  than  vessel  pressure 
and  may  be  found  using  the  one  dimensional  shock  tube 
equation. 

6. )  Dividing  the  overpressure  in  absolute  units  by  the  initlnl 
shock  overpressure  as  predicted  by  the  shock  tube  equation, 
appeared  to  remove  all  data  trends  except  for  distance  and 
array  angle  for  distances  of  10  feet  to  50  feet.  This  provides 
a  method  for  estimating  ground  overpressures  for  this 
particular  vessel  failure  geometry,  length  to  diameter  ratio 
and  height  of  bunt 
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